Introduction
In the analysis of various consequences of expected global warming, it is important to assess its influence on agriculture and food production. They determine both the integral conclusion about ecological and economical significance of present climate change and the answer to the question of the strategy of the world community adaptation to the global warming. It is an important problem because the size of agriculture damage caused by unfavorable weather conditions, even in countries with currently favorable climate, reaches half of total losses in all sectors of national economy. Furthermore, it should be kept in mind that such estimate of agriculture sensitivity to present year-to-year climate fluctuations reflects only an average effect of anomalous meteorological years. If we consider effects of not only changes in climatic normals but also in the frequency of climatic events, economic damages of global warming on focald production would become more considerable.
The issues about high sensitivity of agriculture to climate change confirm but not fully the importance of studying possible effects of global warming on agriculture. State-of-the-art and outlook for the growth of agricultural production are of the primary importance for solving the food problem not only on the regions but on the global scale. Mainly due to this fact studies of global climate impact on agriculture deserve such particular attention (The Potential Effect..., 1989 , Intergovernmental Panel..., 1990 , Reilly, 1994 , Rosenzweig arxi Parry, 1994 .
In the study of effects of expected climate change on future global food production, our effort is concentrated on the analysis of the following major factors: world population increase, use of new arable lands, development of agrotechnology, physiological effect of increased carbon dioxide ail impact of climate change on crop productivity.
Scenarios of Climate Changes

GCM Gnerated Scenarios
Five equilibrium GCM generated scenarios have been used to estimate spring and winter wheat productivity response on the former USSR grain belt. These GCMs were: -Goddard Institute for Space Studies (CISS) (Hansen et al ., 1983) ;
-Geophysical Fluid Dynamics Laboratory of Princeton University (Mnanbe and Wetherald , 1987; Mitchell et al., 1990 ); -United Kingdom Meteorological Office (UKMO) (Wilson and Mitchell , 1987) ; -Canadia Climate Center (CCCM) (Boer et al ., 1992) ; -St.Petersburg (Russia) Main Geophysical Observatory (Meleshko et al ., 1991) .
The climate scenarios generated by these models correspond to the global warming in 2050 resulting from the increase in the greenhouse gas content in the atmosphere equal to the doubling of CO2 concentration . It is assumed that CO2 content would accout for 83.3 % (550 ppm) of the equivalent concentration (660 ppm) and other trace gases (methane, nitrogen oxides, etc.) for 16.7%.
Besides equilibrium scenarios, four nonequlibrium ones generated by transient runs with the following GCMs have been used also:
-Goddard Institute for Space Studies (Hansen et al ., 1988) ;
-Geophysical Fluid Dynamics Laboratory of Princeton University (GFDL -89) (Manabe et al ., 1991) ;
-Max-Plank-Institute-Model (ECHAM -LA) (Cubasch et al ., 1992) ; -United Kingdom Meteorological Office (UKMO) (Murphy and Mitchell , 1995) .
Using the gridpoint output information from these models climate variables for 113 sites in the former USSR grain zone for the years 2010, 2030 and 2050 have been calculated. The scenarios of the regional changes in climatic variables, necessay to estimate the changes in wheat yield response for chosen 113 sites in each territorial unit of the Commonwealth of Independent States , were prepared with the aid of information about the changes in temperature, precipitation and solar radiation in the gridpoint network of GCMs. But because the horizontal resolution of GCMs used was not sufficient (the distances between network gridpoints were too large) for description of climatic fields between gridpoints the multi-point interpolation has been used. Using such procedure the changes in temperature, precipitation and solar radiation occurring in the nearest 16 gridpoints were interpolated to each representative site of the territorial units (oblast') of the former USSR grain zone. Interpolation technique was based on the Optimal Statistical Interpolation Method (Lugina and Mescherskaya , 1978; Lugina and Mayor, 1979; Rakozi et al., 1979 use such models it is often necessary to take recourse to artificial expedients (input data generation, extrapolation of some parameters from one site to other aril so on).
For the reasons mentioned above we think that the parameterized model for crop potential productivity is more convenient for large scale estimates. In this kind of models agroclimatic indices with higher correlation with crop yields are used as input descriptive parameters. Five validated versions of this model developed for major grain crops have been used in the investigation carried out in the State Hydrological Institute, St.Petersburg, Russia (Menzhulin and Savvateyev, 1980; Menzhulin et al., 1983 Menzhulin et al., , 1987a Menzhulin,1984 Menzhulin, , 1985 Menzhulin and Nikolayev, 1987; Budyko et al., 1992, Budyko and Menzhulin, 1996) . The feature of this model is a well-developed block model of photosynthesis and transpiration which allows a sufficiently complete accumulation of empirical data on different response of plants to carbon dioxide increase under various moisture conditions. conclusion is not so probable. A fairly low crop productivity in two major regions of Russia and north America indicates evidently that soils in these regions are not very fovarable to crop production. Because crop productivity is very sensitive to the application of agricultural prctices, the introduction of intensive agricultural technology shuuld bring about the increase in crop production of these two regions mentioned above. An additional factor limiting the northerward shift of Russian aril Canadian agriculture belts could be very and probably severe ecological problems.
In the discussion of probable increase in world food production due to use of potential arable lands. it is also important to study the land use possibility in rather and regions of the Near East and Middle East. This problem is of particular importance, since according to the paleoclimate scenarios precipitation in these regions is expected to noticeably increase (Budyko et al., 1992) . Pointing to great importance of these climatic changes for agriculture in the above regions, it is necessary to mention that they are not world wide but local. In general during the nearest decades, agriculture in these marginal regions would remain risky and low productive.
As a whole, as discussed, the perspective of increasing the world arable lands area during the subsequent decades should not be overestimated.
Ag rotechnological Factors
The second question that is most important for solving the future world food problem and progressing global warming on it, is the estimation of the possibility of increase in crop productivity due to agrotechnological development. This question can be formulated in different ways. Is there a perspective that the "Green Revolution" initiated about 50 years ago will develop with the same rate as before? The answer to this question depends on the extent to which the crop productivity would depend on the development of agrotechnology.
It should indicate that food production of most countries in the past several decades increased mainly due to the development of agrotechnology. However food production per capita did not rise and per capita food supply was maintained at a constant level. It can be seen from the data on the production of 38 crops, including grains and pulse, vegetables, fruits and berries (ref. Fig. 6 ). Some condusions about the character of technological factors influencing crop yields can be obtained from the empirical analysis of influence of the application of mineral fertilizers, the numbers of combines and tractors, and electrical power on wheat yields of USA and the former USSR (see, Figs. 7 and 8). Figure 7 shows the dependence of wheat yield on the four factors characterizing the development in agrotechnology. Thick lines denote respetively the regression curves between wheat yield and each factor. As shown in Figures 7 and 8 , the regression curves except for combine number vs, wheat yield, can be approximated by a hyperbolic curve with an upper limit as defined by crop productivity limit. In the case of combine the regression dependence is linear because the number of combines used in the former USSR (Russia) grain production is considerably lower and a usual hyperbolic curve manifests itself a quasilinear segment. In the study of the question what crop productivity is needed to support the world population by the 2050, we can use the "as-present-scenario " that the per capita food consumption will be maintained in the future at the present level. In this case we see that the mean yield per hectare for the principal grain crops must be increased from the present level of 3.2 to 6.4 metric tons if the world population became to 11 billion. These estimates show that the possibility of food production increase only due to agrotechnology is not evident.
This can be seen from the comparison between the estimates and the data on present productivity for main grain crops in some representative countries (ref. Figs. 9,10,11 ). The average corn yield of 6.0 metric tons per hectare has been reached in the last few years only in countries (ref. Fig. 11 ). The rice yield of the same value has been obtained only in South Korea, Japan and Spain (ref. Fig. 10 ). This level for soft high-productive forage wheat is achieved only in some countries of Western Europe (ref. Fig. 9 ). The productivity of other crops necessary to diversify the total agricultural product and to provide a balanced food allowance, at present is much lower in many countries (FAO Monthly Bulletins, 1961 -1994 .
If another scenario that should supply enough food to the increasing world population is adopted, it is not very easy to solve the world food problem by only improving agricultural technology. Although the productivity of minor crops with considerably lower yield level at present could be improved using modern agricultural practices, it is very difficult to improve the yield level of major three cereal crops in the world: wheat, rice, and corn. As the above analysis indicates evidently, scenarios that would increase the world crop production by only improving agricultural techniques should face to severe problem that whole countries should achieve so higher crop yield as those obtained by high yielding agriculture of developed countries with favorable climate conditions.
The difficulty in increasing the world food production mentioned above could affect adversely the future food situation in the world and should trouble everybody. If the global warming could affect adversely the food resources in oceans, the world food problem would more severe. In this case it would be necessary to find a substitute for protein from sea products in the modern mankind's food allowance. The production of food protein by developing livestock industry will require an additional crop productivity increase which would be limited by physiological possibility of crops In this connection the following problem arises: what finally should be taken into account to find the possibility of solving at the future population growth rates the problem of food supply? As it will be shown, the solution of this problem is expected to be promoted by the present anthropogenic carbon dioxide increase and related global climate change.
Direct Physiological Effect of Carbon Dioxide Increase
It was discovered fairly long ago that the present carbon dioxide content in the atmosphere is much lower than its optimum value at which the photosynthetic productivity of many plants, particularly C3 plants will reach a highest level. In the Cretaceous epoch the carbon dioxide concerntration was equal to 1500-1800 ppm. In the Tertiary, fluctuating noticeably, it gradually fell to the level close to the present one. More detailed data are available for the last two centuries when it has been increasing at first slowly and then more rapidly from 280 to 360 ppm.
As plant physiology indicates, carbon dioxide is one of main factors influencing plant's photosynthesis and productivity. In accordance with the laws of biological kinetics, carbon dioxide increase causes the increasing rates of photosynthesis, which undoubtedly helps raise the potential plant productivity. As experiments show an increased carbon dioxide promotes not only the primary photosynthesis reactions in C3-lants but also causes a noticeable decrease in their photorespiration (Espie and Coulman, 1987; Kobza and Edwards, 1987) . Because a high level of respiration leades to loss of organic matter synthesized earlier, the attenuation of photorespiration is considered as one more argument in case of positive influence of carbon dioxide increase on the crops productivity. Various physiological implication of carbon dioxide increase include not only its favorable effects on the productivity associated with the photosynthetic kinetics but also adverse effects on plant physiology. Long-term experiments concerning CO2 content response of growgh and yield of crops are needed to make clear effects of increased CO2 content on plant physiology, particularly dry matter production processes (Rose, 1989) . Roger and Dahlmau (1993) reported that the yield of crops raised under conditions of elevated carbon dioxide concentration increased compared with that obtained crop under conditions of present CO2-concentration (ca, 350 ppm). Kimball (1983) concluded from the analysis of experimental results more than 70 that C3-plants productivity would increase by 33% with doubling of CO2-concentration. It is also reported that leaf surface area and its thickness of plants raised in growth chambers with elevated CO2-concentration increase clearly in comparision with those of control plants (Cure et al., 1987; Chaudhuri, 1987; Schonfeid, 1984) . Although C4-plants such as maize, sugarcane, and millets respond positively on increased CO2-content in the atmosphere, the increase in dry matter production and yield with increased CO2 little compared with that for C3-plants such as rice, wheat, and soybean (Morison and Gifford, 1984; Rogers et al., 1983; King and Greer, 1986) . However, the water use efficiency is higher for C4-plants than for C3-plants.
Increasing CO2 concentration could change to a certain extent a share of components in total yields. For example, as for C3-plants, in particular, vegetables, it has been established that leaf-mass and reproductive organs will make a greater contribution into yield (Kimball et al., 1985; Schonfeld,1987 (Budyko et al., 1992 , Gatews, 1995 At present, many investigations have been carried out about possible effects of anticipated climate changes on crop Productivity in different countries. Though the reliability of the results of these investigations varies, the wide spectra of territories and crops studies allows to obtain some general conclusion on world agriculture. One of the most detailed investigations of the global warming influence on the world agriculture was ca ied out several years ago within the framework of a special international project organized by US EPA (Rosenzweig and Iglesias, 1994, Menzhulin et al., 1995) . The feature of this project is that all participants used the same model scenarios of climate change and similar models of crops produvtivity. The major conclusion of this joint research carried by internationally recognized specialists is that the global warming is likely to favorably affect the production of the main crops in the temperate zones of the both hemispheres. Among the model scenarios of climate change used in this project, GISS-Equilibrium scenario gave the most favorable forecast. It is important to indicate that due to fertilize effect of increased carbon dioxide concentration world agriculture mitigate certain unfavorable consequences of global warming in some regions (Rosenzweig al Parry, 1994) . That alternative climate scenarios based on paleodata were not adopted for the calculation and only IBSNAT-type crap model was used in yield prediction is thought to be shortcoming of this international project. Would the conclusion obtained in this project change, if paleoanalog scenarios and other crop models were used in the investigations?Some years ago we attenpted to obtain such estimates (Menzhulin,1992) . However, at that time such estimates were rather preliminary, because global paleoscenarios used in this study (seeFigs. 1 ,2, and 3) had not been
well developed yet aril some blocks in our parameterized crop model were not very developed. Table 4 : Mexico, Iran, Iraq, Mauritania). It results from the fact that all paleoanalog scenarios predict noticeable precipitation increase in the most of these regions, causing pronounced increase in the climatic productivity index. The increase is projected to be equal to 100% and even more. Other reason for this high estimates is that the present level of climatic productivity in these countries is low and therefore the percentages of the increase from the present productivity level become relatively high.
According to the estimates obtained the climatic potential of wheat productivity for the world can increase 13% by the 2010. The value corresponding to barley and oats productivity increase for this time is expected to reach about 16 %. As to rice, it is about 9%, and lower than those for other C3-crops. The changes in potential productivity of the main five crops with greater carbon dioxide increase and more pronounced climate changes by the 2030, amd moreover by 2050, would be even greater. Averages of potential productivity changes in world grain production by 2030 are expected to be equal to 24% for wheat, 29% for barly, 30% for oats, 20% for rice, and 18% for maize, respectively. Potential increases in crop productivity by the 2050 are 47%, 53%, 55%, 38%, and 32% respectively.
It should be noticed that these values were obtained assuming that geographical distribution of grain producing areas on the Earth leaves the present pattern.
Progressive global warming, i.e. consequent transition from the Holocene Optimum scenario to Riss-Wurm
Interglacial one and then to the Pliocene Optimum scenario, would cause more and more favorable changes in precipitation in most regions of the Earth. According to paleoanalog scenarios combined with the favorable effec of increased carbon dioxide on the photosynthesis, the potential of world agriculture is likely to increase significantly with progressive global warming. At the same time it should be noted that the obtained estimates of positive changes in crop production for various regions reflect primarily the potential of crop productivity under future climate conditions. Therefore, we can not say that crop yields would inevitably increase by the same magnitude as the values calculated. To realize this favorable changes in climatic productivity potential the agriculture in regions and countries will have to adapt to climate change. It will require changes in cultivars and crops, more optimal use of fertilizers, changes in sowing dates and in general the reorganization of present agrotechnological practices.
6. ConclusionFinally, it is important to study possible effects of increasing CO2 content and induced global warming on 
